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ABSTRACT
In this paper we present the identiﬁcation of two periodic X-ray signals coming from the
direction of the Small Magellanic Cloud (SMC). On detection with the Rossi X-ray Tim-
ing Explorer (RXTE), the 175.4 s and 85.4 s pulsations were considered to originate from
new Be/X-ray binary (BeXRB) pulsars with unknown locations. Using rapid follow-up IN-
TEGRAL and XMM-Newton observations, we show the ﬁrst pulsar (designated SXP175) to
be coincident with a candidate high-mass X-ray binary (HMXB) in the northern bar region
of the SMC undergoing a small Type II outburst. The orbital period (87d) and spectral class
(B0-B0.5IIIe) of this system are determined and presented here for the ﬁrst time. The second
pulsar is shown not to be new at all, but is consistent with being SXP91.1 - a pulsar discov-
ered at the very beginning of the 13 year long RXTE key monitoring programme of the SMC.
Whilst it is theoretically possible for accreting neutron stars to change spin period so dramat-
ically over such a short time, the X-ray and optical data available for this source suggest this
spin-up is continuous during long phases of X-ray quiescence, where accretion driven spin-up
of the neutron star should be minimal.
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1 INTRODUCTION
High-mass X-ray binaries (HMXB) consist of a massive early type
main sequence or supergiant star and a neutron star or black hole
compact object. They are found in regions of high gas and dust,
such as the spiral arms of the Milky Way. As such, they are ex-
cellent tracers of star formation and ideal objects through which
to study star forming galaxies. The main sub-groups of HMXBs
are the Be/X-ray binaries (BeXRB) and supergiant X-ray binaries
(SGXB), making up a large fraction of the known population. The
newly emerging classes of supergiant fast X-ray transients (SFXT,
e.g. Sguera et al. 2005, Sidoli 2011) and gamma-ray binaries (e.g.
Hill et al. 2010) complete the HMXB family. The Galactic popula-
tion includes all of the above classes of HMXB, as well as a mixture
of neutron star and black hole compact objects. This is markedly
diﬀerent to the population in the Small Magellanic Cloud (SMC),
which consists only of BeXRBs and one SGXB, all of which have a
neutron star accretor. The number of HMXBs in the SMC is also at
odds with what is known from observations of the Galaxy. A sim-
ple mass comparison suggests there should be only one or two such
 E-mail: ljt203@soton.ac.uk
systems in the SMC, and yet there are over 60 now known. Popu-
lation synthesis models by Dray (2006) predict the low metallicity
environment in the SMC could increase the number of HMXBs by
a factor of 3. However, this is still not suﬃcient to explain the SMC
population on its own. A recent episode of star formation, possi-
bly due to an increase in the tidal force exerted on the SMC by a
close approach with the Large Magellanic Cloud (LMC; Gardiner
& Noguchi 1996, Diaz & Bekki 2011), is the current favoured sce-
nario to explain the number of HMXBs observed.
The most numerous of the HMXBs, the BeXRBs, are the sub-
ject of this paper. They consist of a neutron star and an early type
Be or late Oe main sequence secondary star. The neutron star is
usually in a wide, eccentric orbit allowing for long periods of lit-
tle X-ray activity. Classically, X-ray outbursts from these systems
fall into one of two types: Type I outbursts occur near periastron
passage of the neutron star where there is more accretable mate-
rial, last for a few days to a week and have luminosities around
1036 ergs s−1. Studying these outbursts allows orbital periods to be
derived through timing analysis of their light curves. Type II out-
bursts are typically an order of magnitude brighter than Type I out-
bursts and can last much longer. The cause of this being an enlarge-
ment of the circumstellar material or radially driven wind around
c© 2013 RAS
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Figure 1. Left: INTEGRAL/IBIS 15−60 keV signiﬁcance map of an observation performed on 2011 April 2 (MJD 55653). A single source is detected within
the RXTE/PCA FOV at a signiﬁcance of 6.2σ. The circles indicate the RXTE/PCA half and zero response of the pointing used whilst the contours are those
of the HI column density of Putman et al. (2003). Right: INTEGRAL/JEM-X 3−10 keV signiﬁcance map showing a non-detection at the location of the IBIS
source.
the companion star (e.g. Negueruela & Okazaki 2000), allowing
accretion to occur at any orbital phase and at a higher rate.
The SMC provides an excellent laboratory to study both the
fundamental physics of individual BeXRB systems and the global
properties of a substantial population formed at the same time and
at a well deﬁned distance. The latter can give an insight into the
star-forming history of the galaxy and improve our understanding
of how diﬀerences in the local environment (e.g. metallicity) aﬀect
the formation and evolution of the binary system. The former al-
lows us to observe the interaction between a compact object and
a massive star and how the compact object behaves under varying
levels of accretion. In turn, this can provide information about the
fundamental properties of the compact object such as the neutron
star equation of state or black hole masses. In this paper, we present
X-ray and optical data of two BeXRB pulsars in the SMC dur-
ing recent X-ray outbursts. The ﬁrst is a previously undiscovered
system, adding to the already vast population. We show that this
system is typical of many others in the SMC. The second system,
however, shows a constant spin-up of the neutron star during lumi-
nosity changes of several orders of magnitude. This characteristic
has not been observed before and suggests that something unusual
is happening to the accretion mode or near the emission region in
this system. The X-ray and optical data are presented in sections
2 and 3 respectively. We discuss the data and their implications in
section 4 before concluding on our results in section 5.
2 X-RAY OBSERVATIONS
2.1 SXP175 = RXJ0101.8–7223
The Rossi X-ray Timing Explorer (RXTE) Proportional Counter Ar-
ray (PCA) (see Jahoda et al. (2006) for instrument details and cal-
ibration model) detected 175.4 ± 0.1 s pulsations coming from the
direction of the SMC on 2011 March 19 (MJD 55639) during an
observation as part of a key programme to monitor X-ray binary
activity in the SMC (Galache et al. 2008). The observation was
made in the GoodXenon event mode and the data extracted using
the standard reduction commands from HEASOFT v.6.9. The light
curve was then binned at 0.01 s before being background subtracted
and barycentre corrected. Finally, we corrected the count rate for
the number of active PCUs. The ﬁnal light curve was subjected to a
Lomb-Scargle periodogram search for periodic changes in the ﬂux.
The error associated with any period found is calculated based on
the formula given in Horne & Baliunas (1986). This period was
conﬁrmed by a second detection at 175.1± 0.1 s on 2011 March 26
(MJD 55646). It did not coincide with the spin period of any known
pulsar in the RXTE ﬁeld of view (FOV), and so was concluded to be
a new HMXB pulsar in the SMC. The entire RXTE data archive was
subsequently searched in order to build up an activity history of the
pulsar (henceforth referred to as SXP175 under the naming con-
vention of Coe et al. 2005). Unfortunately, this source has shown
very little X-ray activity despite good coverage with the PCA over
approximately 9 of the last 13 years. Only a handful of low signiﬁ-
cance (< 2σ) detections are seen in the long-term light curve. These
detections are sporadic and no orbital information could be drawn
from the data.
An INTEGRAL (Winkler et al. 2003) ToO follow up observa-
tion was performed on 2011 April 2 (MJD 55653) to localise any X-
ray sources within the RXTE FOV. The observation consisted of 50
individual Science Windows (ScW) summing to a total good time
exposure of ∼89.5 ks. Nominally, a ScW represents an ∼2000 s ex-
posure. Both the hard IBIS/ISGRI (Ubertini et al. 2003; Lebrun et
al. 2003) and soft JEM-X (Lund et al. 2003) X-ray data were anal-
ysed using the INTEGRAL Oﬄine Science Analysis software (OSA
v9.0, Goldwurm et al. 2003). Images were generated at ScW level
in the 3−10 keV and 15−60 keV energy bands for JEM-X and IBIS
respectively and combined into mosaics of the total observation.
These mosaics are shown in Figure 1 with the RXTE/PCA pulsation
detection pointing overlaid. A single source is detected within the
PCA FOV with a signiﬁcance of 6.2σ in the IBIS revolution map,
with a 90% error circle on its position of radius 3.9 arcmin (Scaringi
et al. 2010). The other ﬂuctuations visible in the signiﬁcance maps
c© 2013 RAS, MNRAS 000, 1–13
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Figure 2. XMM-Newton EPIC spectra of SXP175. EPIC-PN is shown in
black and EPIC-MOS in red (MOS1) and green (MOS2). The three spec-
tra were ﬁtted simultaneously with an absorbed power law allowing only
a constant normalisation factor between the three spectra. The model ﬁt is
presented in Table 1.
Table 1. Results of absorbed power-law ﬁts to EPIC spectra of SXP175 and
SXP91.1.
Spectral Parameter SXP175 SXP91.1
Date 2011/04/08 2009/09/27
SMC NH (1022 cm−2) 0.47 ± 0.03 6.55 ± 0.44
Photon index 0.96 ± 0.02 0.95 ± 0.06
χ2ν /degrees of freedom 1.08/391 1.13/158
Model ﬂux (10−12 erg cm−2 s−1)(a) 8.50 (M2) 1.92 (M2)
Luminosity (1036 erg s−1)(b) 3.65 0.82
(a) The median 0.2–10 keV ﬂux from the three detectors is presented, with
the detector indicated in brackets. M2=MOS2. (b) The 0.2–10 keV
luminosity at a distance to the SMC of 60 kpc (Hilditch, Howarth &
Harries 2005). Errors signify the 90% conﬁdence level.
were not identiﬁed as real sources by the OSA source detection al-
gorithms either because they are beneath the new source detection
limit or their PSF is inconsistent with the known IBIS PSF which
is well characterised at all positions within the FOV of the instru-
ment. The detection limit was set at 4σ for a source at a position
coincident with a known X-ray source and 6σ for a potential new
source that is not coincident with a known X-ray source. As such,
ﬂuctuations that appear by eye to be of similar magnitude may be
quite diﬀerent.The source was not detected in the 3−10 keV energy
band in the corresponding JEM-X map.The detection permitted an
XMM-Newton ToO observation to identify the nature of the source.
An XMM-Newton observation was carried out on 2011 April 8
(MJD 55659) with the EPIC cameras in full frame, imaging mode.
XMM-Newton has three X-ray telescopes (Aschenbach et al. 2002),
one equipped with EPIC-pn (Stru¨der et al. 2001) and two with
EPIC-MOS (Turner et al. 2001) CCD detectors in the focal plane.
For data reduction we selected events with PATTERN12 in a cir-
cular extraction region, placed on the source. Filtering of periods
with high background was not necessary, since soft proton ﬂares
were at a quiescent level, yielding a net exposure time of 18.5 ks.
A background region was chosen from a source free region of the
chip in which the source was seen, such that the RAWY positions
were the same to minimise the background variation across each
chip. Source detection and light curve extraction were carried out
using standard SAS1 tools. A single bright X-ray source was found
within the IBIS error circle at the position RA = 01:01:52.5, dec =
-72:23:34.9 (J2000.0) with a 1σ error circle of radius 1.1 arcsec. A
Lomb-Scargle periodogram of the 0.2–10 keV light curve revealed
a period of 175.1 ± 0.1s, conﬁrming the RXTE, INTEGRAL and
XMM-Newton detections are of the same source.
For spectral analysis we used only events with PATTERN4.
The response matrices and ancillary ﬁles were created using the
SAS tasks rmfgen and arfgen. The X-ray spectrum was ﬁt with
an absorbed power law with Galactic photoelectric absorption, NH,
ﬁxed at 6×1020 cm−2 (Dickey & Lockman, 1990) and the SMC col-
umn density with abundances at 0.2 for metals a free ﬁt parameter
(Figure 2). This resulted in a photon index of 0.96±0.02 and intrin-
sic SMC absorption of (4.7±0.3)×1021 cm−2. The full list of model
parameters is presented in Table 1. The 0.2–10 keV ﬂux from the
ﬁt is 8.5 × 10−12 ergs cm−2 s−1, corresponding to 3.7 × 1036 ergs s−1
at the distance of the SMC (60 kpc; Hilditch, Howarth & Harries
2005). These spectral parameters are fairly standard for a BeXRB
and suggest that the non-detection with JEM-X is more likely due
to a low signal-to-noise ratio in the less sensitive of the two INTE-
GRAL instruments, rather than the hardness of the emission. The
pulsar is coincident with the HMXB candidate RX J0101.8-7223
(Haberl & Sasaki 2000, Yokogawa et al. 2003) and is believed to
be the same object. The counterpart is likely the emission line star
[MA93] 1288 (Meyssonnier & Azzopardi 1993). Optical and IR
data of this star are explored in the next section.
2.2 SXP91.1 = AXJ0051–722 = RXJ0051.3–7216
SXP91.1 = AX J0051–722 = RX J0051.3–7216 was the ﬁrst pulsar
to be discovered in the RXTE monitoring programme at a period
of 92 ± 1.5 s (Marshall et al. 1997). Further analysis reﬁned this
measurement to 91.12 ± 0.05 s (Corbet et al. 1998). The original
positional uncertainty from the ASCA observation was 1.2 arcmin,
however, this was later improved on by a ROSAT observation that
yielded a position of RA = 00:50:59.3, dec = -72:13:26 (J2000.0)
with a positional uncertainty of radius 2.6 arcsec (Sasaki, Haberl &
Pietsch 2000). The source was regularly seen during the ﬁrst 2 years
of the programme (1998-9) and again brieﬂy during the ﬁfth year
of the programme (2002). After that it was not detected again with
any certainty for over 7 years despite good coverage with RXTE for
most of this period.
RXTE observations performed on 2010 August 16 and 2010
August 21 showed the presence of pulsations with a period of
85.4 ± 0.1 s in their power spectra (Corbet et al. 2010). On seeing
this pulsation, it was believed not to be consistent with any known
pulsar in the SMC. The period is close to the second harmonic
of the known pulsars SXP169 and SXP172, but neither appeared
likely to be the source of the 85.4 s pulsations. Recent measure-
ments of SXP169 have shown a spin-up trend that has produced a
period signiﬁcantly diﬀerent from twice 85.4 s (e.g. Galache et al.
2008) and the detection times are not consistent with the known
orbital period or ephemeris of SXP169. The collimator response to
SXP172 in the pointed observation is of the order 5%, making this
source unlikely to be the origin of the pulsations unless it was ac-
creting close to the Eddington limit for a 1.4M neutron star. In
addition, we see no evidence for modulation near twice 85.4 s in
the power spectra of the light curves, but the second harmonic of
1 Science Analysis Software (SAS), http://xmm.esac.esa.int/sas/
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Figure 3. Left: INTEGRAL/IBIS 15−60 keV signiﬁcance map of an observation performed on 2011 May 20 (MJD 55701). No signiﬁcant sources are detected
within the RXTE/PCA FOV. As before, the circles indicate the RXTE/PCA half and zero response of the pointing used whilst the contours are those of the HI
column density of Putman et al. 2003. Right: INTEGRAL/JEM-X 3−10 keV signiﬁcance map. The JEM-X source locator tool (j ima src locator) identiﬁed a
single source within the RXTE/PCA FOV detected at a signiﬁcance of 5.6σ.
this period is present at 42.7 s. This pulsation was thus concluded
to be from a new HMXB which was designated SXP85.4 (Corbet
et al. 2010).
A Lomb-Scargle periodogram of the X-ray light curve allowed
an epoch of maximum pulsed ﬂux to be calculated. An orbital pe-
riod of 88.42 ± 0.14 d (90% conﬁdence) is the best estimate de-
rived from these X-ray data. From this ephemeris, the time of the
next outburst was predicted to allow scheduling of an INTEGRAL
follow-up observation to try and localise the X-ray pulses. An IN-
TEGRAL ToO observation was carried out on 2011 May 20 (MJD
55701). The data were processed using the same methods and en-
ergy bands as the SXP175 observations. No sources were detected
within the RXTE/PCA FOV by IBIS (Figure 3, left). However the
JEM-X source locator tool (j ima src locator) identiﬁed a clear
source in the JEM-X combined mosaic at RA = 00:51:00, dec =
-72:14:20 (2000) with a signiﬁcance of 5.6σ and an uncertainty of
3 arcmin (Figure 3, right). Along with SMC X−1, this was the only
X-ray source identiﬁed by the source locator tool within the image.
The position calculated from the JEM-X mosaic is completely con-
sistent with that of SXP91.1. From this realisation, we immediately
combined the outburst histories of SXP85.4 and SXP91.1. The re-
sult is plotted in Figure 4. A description of each panel is given in
the ﬁgure caption. The errors on the spin period measurements are
calculated as stated earlier and only detections of periodic modu-
lation above a signiﬁcance of 99% are plotted for clarity reasons.
The signiﬁcance of each detection of a given frequency is related
to its Lomb-Scargle power, P, by the following formula:
signiﬁcance = 100 ×
(
1 − e−P
)M
(1)
where M is the number of independent frequencies and is typically
2×105 in our analysis pipeline. As can be seen, the spin period evo-
lution of the recent episode of Type I outbursts is consistent with
the evolution of the period between MJD 50800–51600. Along with
the position determined by INTEGRAL, this is strong evidence that
SXP85.4 is actually SXP91.1. Thus, this source will herein be dis-
cussed as SXP91.1. An even more intriguing observation is that
SXP91.1 appears to be spinning up at a constant rate, through long
periods of X-ray emission and through long periods of X-ray qui-
escence. This unexpected result could have signiﬁcant implications
for the accretion mode or the environment around the emission re-
gion in this system and is discussed in detail later in the paper. By
analysing the data between MJD 55000–56000 we determine the
orbital period and ephemeris of maximum amplitude of this system
to be 87.80±0.11 d and MJD 55429.0±2.6 respectively (90% conﬁ-
dence). The reason for the small discrepancy between this value and
that stated earlier (88.42 ± 0.14 d) is that the data were re-analysed
to better remove the eﬀect of a strong outburst from another pulsar
in the power spectrum. This resulted in a spin period measurement
being excluded from the more recent orbital period analysis as it
was the product of a noisy power spectrum. A Lomb-Scargle anal-
ysis of the entire light curve reproduces these results at a lower
level of signiﬁcance. This is because the apparent Type II outburst
around MJD 50800 and the sparseness of the observations during
the early years of the programme detected fewer periodic outbursts
than the most recent years of data. These results will be compared
to those found from the analysis of SXP91.1s optical light curve
and discussed further in the coming sections.
A search through the XMM-Newton archive showed two
observations were previously made containing the position of
SXP91.1 (observations 0301170201 and 0601210701), taken on
MJD 53817.3 and 55101.7 respectively. A similar search of the
Chandra, ROSAT and Swift archives did not return any useful ob-
servations. The latter of the two XMM-Newton observations was
taken just before RXTE detected the 85.4 s pulsations, though no
periodicities were found in the data. A spectrum was extracted for
the PN and MOS2 detectors as described for SXP175 (the source
was not inside the MOS1 detector FOV). These spectra were ﬁt
simultaneously with parameters ﬁxed as described earlier. This re-
sulted in the list of model parameters presented in Table 1. The 0.2–
10 keV ﬂux from the ﬁt is 1.9 × 10−12 ergs cm−2 s−1, corresponding
to 8.2 × 1035 ergs s−1 at the distance of the SMC. The source was
not observed to be active in the other XMM-Newton observation.
An upper limit for the ﬂux was derived, corresponding to a limiting
luminosity of ∼ 4 × 1033 ergs s−1 (Haberl 2011, priv. comm.). This
c© 2013 RAS, MNRAS 000, 1–13
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Figure 4. Long-term RXTE/PCA light curve of SXP91.1 in the 3–10 keV band. The top panel shows the amplitude of the pulsed emission, where each point
is a single observation. The vertical blue dashed lines show the most likely X-ray ephemeris based on an orbital period search of the light curve. The second
panel shows the source position within the RXTE FOV. A source at the very centre has a collimator response of 1 and a source at the very edge 0. The
collimator response is approximately linear with distance from the centre. The third panel shows the pulse period measurements in seconds. The ﬁnal panel
shows the signiﬁcance of the detection. The calculation of the signiﬁcance is described in the text. Detections above a signiﬁcance level of 99% are plotted in
red, with anything below this level plotted in blue. The source had good coverage with RXTE between MJD 52300–55000, though very few X-ray outbursts
were detected. A constant spin-up can be ﬁt to the entire spin period history, despite this apparent lack of accretion. This is discussed in greater detail in the
text.
upper limit conﬁrms that the source was indeed in deep quiescence
during the period of non-detections with RXTE. These observations
raise two important questions about the mode of accretion in this
system: How has the neutron star spun up during such long periods
of quiescence and why are pulsations not detected at a luminosity
of 8.2 × 1035 ergs s−1, typical of the Type I outburst luminosity of
almost every other BeXRB system?
3 OPTICAL AND INFRARED OBSERVATIONS
In this section we present an optical light curve, near-IR ﬂuxes and
optical spectra of the optical counterpart to SXP175 with the aim
of understanding more fully the circumstellar disc and its role in
the X-ray outburst and to spectrally classify the optical counterpart.
We also present an optical light curve and spectra of the counterpart
to SXP91.1 to try and understand what role the stellar environment
has played in producing the large variations in X-ray ﬂux seen from
this system during the last 14 years.
Figure 5. XMM-Newton EPIC spectra of SXP91.1. EPIC-PN is shown in
black and EPIC-MOS2 in red. The two spectra were ﬁtted simultaneously
with an absorbed power law allowing only a constant normalisation factor
between the two spectra. The model ﬁt is presented in Table 1.
c© 2013 RAS, MNRAS 000, 1–13
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Table 2. IRSF IR photometry of the counterpart to SXP175. The ﬁrst mea-
surement comes fromKato et al (2007) using the same telescope and camera
as the rest of the data.
Date (MJD) J H Ks
17-09-2002 (52534) 14.82 ± 0.01 14.73 ± 0.02 14.53 ± 0.02
18-12-2007 (54452) 14.83 ± 0.01 14.67 ± 0.02 14.50 ± 0.03
08-12-2008 (54808) 14.82 ± 0.01 14.65 ± 0.01 14.47 ± 0.02
14-12-2009 (55179) 14.83 ± 0.02 14.65 ± 0.02 14.45 ± 0.05
3.1 SXP175
Figure 6 shows the combined MACHO R-band and OGLE (Op-
tical Gravitational Lensing Experiment) I-band light curve of the
optical counterpart to SXP175. The star is #1288 in the catalogue
of Meyssonnier & Azzopardi (1993) and has the MACHO I.D.
207.16716.3 and OGLE II I.D. SMC-SC9 788332. It shows very
little periodic or long-term variability, besides a small increase in
brightness around MJD 54800 by ∼ 0.05 magnitudes. At this time,
there was good coverage of the source position with RXTE, though
no X-ray activity was seen. This suggests the circumstellar disc had
grown in the time between the end of the OGLE III light curve and
the X-ray outburst. On three occasions near-infrared (NIR) data of
the counterpart were obtained using the 1.4m Infrared Survey Fa-
cility (IRSF) situated at the South African Astronomical Observa-
tory (SAAO) to monitor the disc activity. The IRSF is a Japanese
built telescope designed speciﬁcally to take simultaneous photo-
metric data in the J, H & Ks bands with the SIRIUS (Simultaneous
three-colour InfraRed Imager for Unbiased Survey) camera (Na-
gashima et al. 1999). Data reduction was performed using the dedi-
cated SIRIUS pipeline3. This performs the necessary dark subtrac-
tion, ﬂat ﬁelding, sky subtraction and recombines the dithered im-
ages, as well as producing a photometric catalogue of point sources
in the reduced image. These data are presented in Table 2 and con-
ﬁrm the very stable nature of the disc over a long period of time.
The only optical or NIR data taken closer to the X-ray outburst are
the two years of OGLE IV data on the right of Figure 6. As men-
tioned, the absolute calibration between the phases of the OGLE
programme is uncertain and could vary by up to 0.2 magnitudes.
As such, we cannot put any trust in the leap of around 0.1 magni-
tudes between phases III and IV. In fact, the brightening evident at
the end of phase III is not obvious in phase IV, which is very ﬂat
and shows little sign of disc growth even though these data coincide
with the X-ray outburst.
A red and blue spectrum of this source were taken from the
ESO 3.6m telescope at La Silla, Chile on 2007 September 18 and
2007 September 19. The data were obtained with the ESO Faint
Object Spectrograph (EFOSC2) mounted at the Nasmyth B focus
of the 3.6m New Technology Telescope (NTT), La Silla, Chile.
The EFOSC2 detector (CCD#40) is a Loral/Lesser, Thinned, AR
coated, UV ﬂooded, MPP chip with 2048×2048 pixels correspond-
ing to 4.1′×4.1′on the sky. The instrument was in longslit mode
with a slit width of 1.5′′. Grisms 14 and 20 were used for blue
2 Light curves of objects associated with variable X-ray sources can be
found in the OGLE real time monitoring of X-ray variables (XROM) pro-
gramme. See http://ogle.astrouw.edu.pl/ogle3/xrom/xrom.html and Udalski
(2008) for details.
3 http://www.z.phys.nagoya-u.ac.jp/∼nakajima/sirius/software/software.html
Figure 6. MACHO R-band (black points) and OGLE I-band (green points)
light curve of the optical counterpart to SXP175. The MACHO data have
been arbitrarily shifted to align roughly with the OGLE magnitude mea-
surements at that time. The jumps at around MJD 52000 and MJD 55000
are the times at which the OGLE project moved from its second to third
and third to fourth phases respectively (OGLE II, III & IV). As such, we
cannot be sure whether these increases in ﬂux are real or whether they are a
calibration eﬀect.
Figure 7. Optical spectrum of SXP175 taken with the ESO Faint Object
Spectrograph and Camera (EFOSC) on the 3.6m telescope at La Silla,
Chile. Hα and Hβ are observed to be in emission.
and red end spectroscopy respectively. Grism 14 has a a grating of
600 lines mm−1 and a wavelength range of λλ3095–5085 Å pro-
ducing a dispersion of 1 Å pixel−1. The resulting spectra have a
spectral resolution of ∼ 12 Å. Grism 20 is one of the two new
Volume-Phase Holographic grisms recently added to EFOSC2. It
has 1070 lines pixel−1 but a smaller wavelength range, from 6047–
7147 Å. This results in a superior dispersion of 0.55 Å pixel−1 and
produces a spectral resolution for our red end spectra of ∼ 6 Å. Fil-
ter OG530 was used to block second order eﬀects. The data were
reduced using the standard packages available in the Image Reduc-
tion and Analysis Facility (IRAF). Wavelength calibration was im-
plemented using comparison spectra of Helium and Argon lamps
taken through out the observing run with the same instrument con-
ﬁguration.
In the following section we will used the blue spectrum to
classify the star based in its absorption lines and their ratios. The
red end spectrum is presented in Figure 7, from which some im-
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Figure 9. Spectrum of SXP175 taken with the EFOSC spectrograph on the 3.6m telescope at La Silla, Chile. The spectrum has been normalised to remove
the continuum and the data have been redshift corrected by -150 km s−1 to account for the recession of the SMC. Overplotted are various atomic transitions
that are signiﬁcant in the spectral classiﬁcation of an early type star at their rest wavelengths; He II, He I and metal transitions are in green, red and blue
respectively.
Figure 8. Power spectrum of the optical light curve of the counterpart to
SXP175. Horizontal lines are 99%, 99.99% and 99.9999% conﬁdence lev-
els. The peak period is 86.9 ± 0.1 d.
portant information can be gained. Firstly, the presence of Hα and
Hβ lines in emission conﬁrm the identiﬁcation of this system as
an emission line XRB. The shape of both lines is very narrow and
single peaked, suggesting the disc has a low inclination to our line-
of-sight. Secondly, the equivalent widths of the lines can be mea-
sured. We estimate the equivalent width of the Hα and Hβ lines
to be -25.7A˙ and -1.9A˙ respectively. This value places the system
nicely amongst other BeXRBs in the Hα equivalent width against
orbital period distribution (Reig, Fabregat & Coe 1997, Antoniou
et al. 2009), and suggests the system should have an orbital period
of approximately 90–100 d. This number is also implied from the
Corbet diagram.
To this end, the light curve in Figure 6 was detrended and
searched for periodicities. The power spectrum is shown in Figure
8. A peak at 86.9±0.1 d is found at greater than the 99.9999% con-
ﬁdence level. This seems likely to be the orbital period of the sys-
tem, though until there is evidence of this period in the X-ray light
curve, it cannot be certain that it is orbital in nature. Detrending was
done with a simple third order polynomial. The peak found may
move around slightly with a diﬀerent detrending method, though it
is safe to conclude the presence of a signiﬁcant peak in the power
spectrum at ∼ 90 d that is likely the orbital period of the binary sys-
tem.
3.1.1 Spectral classiﬁcation
A star can be classiﬁed as emission line if Hα (or any other hydro-
gen line usually seen in absorption in the hot, ionised photosphere)
is ﬁlled in or is in emission, and so spectral coverage of the red
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part of the spectrum is vital. However, the spectral classiﬁcation of
emission line stars suﬀers many diﬃculties due to their very nature;
the Balmer lines in particular will be rotationally broadened due to
the high rotational velocities of Be stars and hence may obscure
any comparisons to closely neighbouring lines, whilst the ﬁlling-
in of lines caused by the disc emission also makes classiﬁcation
harder. Thus, it is beneﬁcial to perform classiﬁcation observations
when the disc emission is minimal. Further diﬃculties arise when
observing in the Magellanic Clouds. Classiﬁcation of Galactic Be
stars relies on using the ratio of many metal-helium lines (Walborn
& Fitzpatrick 1990). However, this type of classiﬁcation, based on
the Morgan-Keenan (MK; Morgan, Keenan & Kellman 1943) sys-
tem, is particularly diﬃcult in the low metallicity environment of
the Magellanic Clouds because these metal lines are either very
weak or not present at all. Using high signal-to-noise ratio spectra
of SMC supergiants, Lennon (1997) devised a system for the clas-
siﬁcation of stars in the SMC that overcomes the problems with low
metallicity environments. This system is normalised to the MK sys-
tem such that stars in both systems exhibit the same trends in their
line strengths. Thus, we have used the classiﬁcation method as laid
out in Lennon (1997) and utilised further in Evans et al. (2004). For
the luminosity classiﬁcation we adopted the classiﬁcation method
set out in Walborn & Fitzpatrick (1990).
The normalised and redshift corrected spectrum used to spec-
trally classify SXP175 is presented in Figure 9. The spectrum
shows evidence of He II λ4686 absorption, albeit fairly weak,
meaning the star must be of type earlier the B 1 (Lennon 1997;
Evans et al. 2004). Other ionised helium lines (He II λλ4200, 4541)
may be present, but at a very weak level. This rules out a spectral
type earlier than O 9.5. Given all of the He II lines are weak, we
would suggest a B 0.5 class. However, if He II λλ4200, 4541 are
present, the spectral type is more likely B 0. As it is diﬃcult to con-
ﬁrm this above the noise in the continuum, we suggest a B 0–B 0.5
classiﬁcation. As stated previously, the lack of strong metal lines
makes the luminosity classiﬁcation diﬃcult. The He I λ4121/He
I λ4143 ratio strengthens towards more luminous stars and is the
only ratio that can be used here. The ratio in this spectrum is rea-
sonably high, suggesting the luminosity class may be closer to III
than V. A V-band magnitude of 14.6 (Haberl, Eger & Pietsch 2008)
allows a check of this classiﬁcation by comparing the absolute mag-
nitude of the source with a distance modulus for the SMC of 18.9
(Harries, Hilditch & Howarth 2003). Thus, an absolute magnitude
of -4.3 suggests (using absolute magnitudes for OeBe stars from
Wegner 2006) a luminosity class of III, as a V–IV classiﬁcation
would suggest a spectral type as early as O 9. We suggest here a
classiﬁcation of B 0–B 0.5 IIIe is the most likely for this system
given the information available. This is consistent with that of other
BeXRBs in the SMC and in the Galaxy (for example McBride et
al. 2008; Antoniou et al. 2009).
3.2 SXP91.1
Figure 10 shows the combined MACHO R-band and OGLE I-band
light curve of the optical counterpart to SXP91.1. The star is #413
in the catalogue of Meyssonnier & Azzopardi (1993) and has the
OGLE III I.D. SMC 102.1.32. It shows clear periodic variability,
brightening by ∼0.06 magnitudes every 90 days, which is undoubt-
edly due to the orbital motion of the neutron star. A Lomb-Scargle
analysis of the light curve reveals an extremely signiﬁcant peri-
odicity at 88.37 ± 0.03 d. The power spectrum is shown in Figure
11. This period is consistent with that found from analysis of the
X-ray light curve and the period originally reported in Schmidtke
Figure 10.MACHO R-band (black points) and OGLE I-band (green points)
light curve of the optical counterpart to SXP91.1. The MACHO data have
been arbitrarily shifted to align roughly with the OGLE magnitude mea-
surements at that time.
Figure 11. Power spectrum of the optical light curve of SXP91.1. Horizon-
tal lines are 99%, 99.99% and 99.9999% conﬁdence levels. The peak period
is 88.37 ± 0.03 d. The second harmonic is visible at 44.2 d. The other peaks
are likely to be aliasing caused by the data gaps in the OGLE light curve.
et al. (2004) and is thus conﬁrmed as the orbital period. There is
very little long-term variability, besides a small increase in bright-
ness between MJD 52800 and 53800 by ∼ 0.05 magnitudes. We
note that the second of the 2 years of OGLE IV data is slightly
fainter than the ﬁrst, suggesting a slight shrinking of the disc during
the X-ray outbursting phase. What is more interesting to note here,
however, is that at the time of maximum optical ﬂux in the OGLE
III part of the light curve (MJD 53000–53500) there is no X-ray
emission detected from this source. However, in the years preced-
ing this small increase in optical ﬂux, when the system appears to
be in a constant low state, there were three consecutive Type I X-
ray outbursts recorded in the RXTE monitoring data (MJD 52300–
52600). This suggests X-ray emission only occurs, or at least only
reaches the observer, at times of optical minima. This could mean
that when the disc is larger, it is blocking most of the X-ray emis-
sion from the neutron star. This possibility is discussed in detail
later. Even in the low state, X-ray emission is not always seen as
is evident from the lack of X-ray activity between MJD 54000–
55000. Similar NIR photometric measurements to those described
earlier were taken using the IRSF telescope at SAAO. These J, H
& K images were taken on MJD 55179 and allowed for a measure-
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Figure 12. Optical spectra of SXP91.1 taken on the 1.9m telescope at SAAO except the spectrum dated MJD 54360 which was taken on the 3.6m telescope
at La Silla. The vertical line denotes the rest wavelength of Hα. All spectra have been arbitrarily shifted in ﬂux and smoothed with a boxcar average of 5Å
width for viewing purposes.
ment of the magnitude of the source in these bands. Values of J =
14.776 ± 0.011, H = 14.554 ± 0.012 & K = 14.346 ± 0.026 sug-
gest the disc is in a similar state to the last 3 years of the OGLE
III light curve and consistent with the OGLE IV data. This implies
that no dramatic change in the circumstellar environment induced
the current long series of X-ray outbursts. Several Hα spectra were
also taken during this time period and are shown in Figure 12. The
ﬁrst ﬁve of the seven spectra presented show almost constant equiv-
alent widths (Weq) of the Hα line, with an average of -21.0Å and
range between -20.2 and -21.4Å. Errors on these measurements
are between 0.7 and 1.1Å. These spectra cover the time period of
the OGLE light curve, reinforcing the idea of a very stable disc.
The sixth and seventh spectrum, however, show equivalent widths
of -17.2±1.6 and -27.3±1.2Å respectively. Both were taken after
the end of the OGLE light curve, suggesting there may have been
some variability in the disc emission after this time. The full RXTE
light curve for this source is presented in the next section where the
discussion of these observations is continued.
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4 DISCUSSION
The utilisation of INTEGRAL and XMM-Newton to follow up on
unidentiﬁed RXTE pulsars has proven to be very successful. In the
preceeding sections, we have discussed the discovery and locali-
sation of a new SMC pulsar (SXP175) to the HMXB candidate
RX J0101.8–7223 and the association of a suspected new pulsar
with an already known one (SXP91.1). The cause of the X-ray out-
burst from SXP175, which is the largest known from this HMXB,
is not clear as the state of the disc at the time of the outburst is not
known. It is likely that the disc increased in size, causing a small
outburst. Previous observations of the region by XMM-Newton re-
sulted in a positive detection of the source on 5 occasions, each
time being at a ﬂux level approximately 10% of that detected in the
ToO observation presented here (Haberl, 2011, private communica-
tion). This not only explains why it has never been seen with RXTE
at a signiﬁcant level before, but reinforces the idea that the disc
may have grown and induced an outburst. The most recent of the
aforementioned XMM-Newton detections was analysed by Haberl,
Eger & Pietsch (2008). They present a power law ﬁt to the spectrum
that yields a photon index and intrinsic SMC absorption that are al-
most identical to those values presented here, despite the ﬂux being
< 11% of the ﬂux measured in outburst. This shows that there was
no change in the accretion column or surrounding material during
the transition into outburst.
The analysis of data on SXP91.1 has shown that this particu-
lar BeXRB is quite abnormal from the rest of the population. The
following accounts a short summary of the key observations made
before potential explanations are given for the peculiar behaviour
of the pulsar:
• it has a high intrinsic absorption column of (6.55 ± 0.44) ×
1022 cm−2
• it was shown to be emitting unpulsed X-ray emission at a lu-
minosity comparable to a Type I outburst (8.2 × 1035 ergs s−1) only
one or two orbits before the ﬁrst detection of pulsations with RXTE.
• it must have become much softer between the XMM-Newton
detection and the INTEGRAL detection to be seen in JEM-X and
not IBIS. This could mean it is softer in outburst (pulsed emission)
but harder just before an outburst or at a slightly lower ﬂux level
(unpulsed emission)
• the long-term light curve suggests a constant spin-up un-
der phases of outburst and quiescence. Quiescence is veriﬁed by
the XMM-Newton non-detection with limiting luminosity of ∼ 4 ×
1033 ergs s−1
• its outbursting state seems not to be dependent on a change in
the circumstellar disc. X-ray emission is both detected and not de-
tected, when the optical ﬂux (hence disc size) is unchanged. If any-
thing, the X-ray outbursts are seen at the lowest optical ﬂux level.
If the state of the disc does not change and the orbital parameters
do not change, then there is nothing to cause accretion to start or
stop. This may mean there is always X-ray emission but, for some
reason, this does not always reach the observer.
The XMM-Newton observation on MJD 55101 falls 0.2 of an
orbital phase after periastron. Comparing this to the RXTE folded
light curve (see Figure 13) suggests this lies very close to the
point at which pulsed emission ceases to be detected by RXTE.
This limit is known to be around 1036 ergs s−1 in the SMC, which
makes sense when the XMM-Newton derived luminosity is consid-
ered. The RXTE observation near MJD 55240 is the ﬁrst conﬁrmed
detection of the source at a luminosity of 6× 1036 ergs s−1. Thus
it seems that pulsed X-ray emission may only begin between lu-
minosities of (0.8–6)× 1036 ergs s−1. From the theory of magneto-
spheric accretion (e.g. Corbet 1996), it is highly unlikely that this
lack of pulsations at such a high luminosity is due to material not
making its way to the neutron star surface. More likely, it is due to
changes in the absorbing material around the system or changes in
the hardness of the X-ray emission. Spectral ﬁts to the few RXTE
observations in which no other pulsar was active seem to suggest
a softer power law than the XMM-Newton observation. This makes
the later INTEGRAL detection with JEM-X more understandable
as the source may have softened beyond what is detectable with
IBIS, but it still does not explain why XMM-Newton did not see
pulsations with suﬃcient counts and a normal value for the photon
index. Another explanation is an energy dependence of the pulsed
proﬁle. Since the RXTE and XMM-Newton light curves were ex-
tracted in almost the same energy ranges, the pulsed fraction must
have increased at softer energies between the XMM-Newton and
RXTE detections. However, since energies much above 10 keV can-
not be probed with XMM, this possibility is not testable. There was
marginal evidence for variability in the HI column density between
the XMM-Newton and RXTE observations, though this parameter
was much less well constrained in the ﬁts than the photon index
and so drawing conclusions from this is not desirable.
The RXTE pulsed proﬁles were studied to investigate variabil-
ity in the pulsed fraction and shape throughout the series of out-
bursts. The proﬁle shown in Figure 13 is representative of most of
the proﬁles available. The pulsed shape is always double or triple
peaked causing the presence of multiple harmonics in the power
spectrum, with substantial variability in the relative strengths of the
peaks. The pulsed fraction is approximately constant between out-
bursts, between 0.1–0.2, but shows a strong correlation with pulsed
ﬂux (and hence time) during individual outbursts. This may sug-
gest an almost constant unpulsed component and that the pulsed
component is much more variable under changing accretion rates.
Again, it is hard to quantify the level of background emission in
RXTE data, so these pulsed fractions are lower limits. To assess
the non-pulsed detection of SXP91.1 during XMM observation
0601210701 we constructed a number of simulated light curves
based upon the actual XMM light curve. A sinusoidal modula-
tion with period 85.4 s was constructed with same sampling of the
XMM light curve this was then combined with the actual X-ray ﬂux
measurement such that the average ﬂux remained the same and that
a speciﬁc pulse fraction (PF) was achieved: PF= Fmax−FminFmax+Fmin . Each
ﬂux value is then shifted based upon the original error bar and as-
suming Gaussian errors. Two thousand light curves were simulated
for each PF over a range of 0.00–0.25 in steps of 0.01. The Lomb-
Scargle periodogram was calculated for each light curve and all
those corresponding to a given PF were averaged. To detect a sig-
nal in the data with a signiﬁcance of > 5σ would require a pulse
fraction of > 14.8% and at > 3σ would require a pulse fraction
of > 11.1%. Our simulation ties in nicely with the RXTE observa-
tions, in that it shows the pulsed fraction of the source must have
increased from below around 10% prior to the RXTE observations,
to above this value during them, allowing for the spin period detec-
tions.
Figures 14 and 15 show the folded orbital X-ray and optical
light curves respectively. Both show a broad proﬁle not in-keeping
with the fast-rise, exponential decay shape that is usually present in
eccentric accreting binaries. This broad emission region, spanning
around half an orbital period, is indirect evidence of a low eccen-
tricity in this system as the neutron star is accreting far beyond
periastron. If true, this observation places SXP91.1 into a minority
group amongst BeXRB pulsars. This may also help to explain the
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Figure 13. Example pulsed proﬁle of SXP91.1 in the 3–10 keV band, folded
at the detected spin period. The proﬁle has been arbitrarily shifted in phase
for viewing purposes.
Figure 14. Top: orbital power spectrum of the long-term X-ray light curve
of SXP91.1. The peak at 88.1 d signiﬁes the orbital period of the system
and agrees well with the optically derived period. The horizontal lines are
99%, 99.99% and 99.9999% signiﬁcances. Bottom: the X-ray light curve
folded on the orbital period. The ephemeris of maximum amplitude is MJD
55516.43±2.64. Increased ﬂux is apparent over a phase space of 0.4, higher
than most other BeXRBs.
unusual spin-up that is observed through phases of quiescence in
this system. If the orbit is near-circular, it could be accreting at a
very low level all the time, spinning the neutron star up, whilst only
becoming an X-ray pulsar when the accretion rate increases. How-
ever, as mentioned earlier, the cause of such an increase is hard to
understand given the stability of the circumstellar disc. The opti-
cally and X-ray derived ephemerides agree well, with a suggestion
that the peak in optical ﬂux may lag the X-ray peak by no more
than 6 days. The errors are large, however, so this value could be
much less. Should the lag be real (5–10% of an orbital period), it
reinforces what is currently thought to occur during periastron pas-
sage; that the disc only begins to be disturbed after the neutron star
passes periastron Jones et al. in prep. (2012).
The constant state of the circumstellar disc is unusual dur-
ing such a dramatic change in X-ray activity. NIR ﬂuxes suggest
that the constant nature of the disc seen in the OGLE light curve
has continued well into the current X-ray active phase as discussed
Figure 15. Folded optical light curve of SXP91.1. As with the X-ray light
curve, a broad peak is observed suggesting the disturbance in the disc lasts
for almost half an orbit.
above. Hα spectra taken before and during the X-ray active phase
(see Figure 12) shed some light on the problem, but also raise
some further issues. The Hα equivalent width measurement on
MJD 55175 suggests a small decrease in the disc emission at the
onset of the X-ray outburst, whilst the following measurement is
evidence of a signiﬁcant increase in the disc emission. At ﬁrst, this
may appear as evidence for the growth of the disc many hundreds of
days into the series of X-ray outbursts. However, on closer inspec-
tion this observation falls nearly 2 weeks before periastron and so
could just have been induced by the interacting neutron star rather
than being an intrinsic change in the disc. A counter argument to
this though, is that four of the other spectra were taken as close or
closer to periastron than this one and show no sign of an increase
in ﬂux. If the ﬂux increase is intrinsic to the disc, it could indi-
cate a signiﬁcant lag between the start of the X-ray outburst and
increased optical activity. Beyond this variability, these Hα spectra
show a further intriguing feature: The ﬂux and shape of the proﬁles
may correlate with orbital phase. The 3 proﬁles with the smallest
Weq were taken within a few days of periastron, whilst the 3 with
the largest Weq were taken at least 2 weeks before or after perias-
tron. This could be evidence of the neutron star truncating the disc
slightly (Negueruela & Okazaki 2001), though the reason for the
changing proﬁle shapes and their orbital phase distribution is very
hard to understand with the data available.
4.1 Investigating the spin-up of SXP91.1
To explore the apparent spin-up of SXP91.1 we assessed the char-
acteristics and data quality of each of the RXTE observations. The
dataset was ﬁltered to include only observations where a periodic
signal between 85–95 s, was detected at a signiﬁcance of > 99.99%
and which had a collimator response of > 0.4. One additional data-
point was excluded as clearly being an outlier with a ∼ 84s period
at early epochs. This left 37 RXTE observations of SXP91.1 where
a periodic signal was detected. Errors on the periods were ini-
tially calulated using the analytical equations of Horne & Baliunas
(1986). However, this method relies on well behaved, high qual-
ity data (e.g. the data shows simple white noise). As the strength
of the the source signal varies signiﬁcantly between observations
we independently assessed the period errors for the Lomb-Scargle
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technique using a bootstrap method (see e.g., Kawano & Higuchi
1995).
For each of the ﬁltered observations a simulated light curve
is generated by a bootstrap with replacement technique which ran-
domly selects a subset of ∼68% of the original light curve points.
The corresponding Lomb-Scargle periodogram is calculated and
the period of the peak of highest power is recorded; this is repeated
200,000 times. To protect against extreme outliers in the simula-
tions periods more than 3σ away from the median of the simulated
periods are excluded, the standard deviation of the ﬁltered sample
of simulations is then taken as an estimate of the error.
In all except two of the observations the bootstrap error was
comparable to or greater than the errors from Horne & Baliunas
(1986) and so to be conservative were adopted for the spin-up anal-
ysis. The remaining two observations were during a bright outburst
and the boostrap re-sampling did not yield distribution of periods
with a ﬁnite width and hence for these two observations we adopt
the analytical errors. The observations span ∼13.5 years, applying
a simple linear spin-up model over all observations of:
P(t) = P(t0) + P˙(t − t0) (2)
yields a good quality ﬁt to the data with χ2/dof = 41.2/35 = 1.18
and giving a spin-up, P˙ = 1.442 ± 0.005 × 10−8ss−1. We attempted
to incorporate the orbital modulation of the pulsar into the spin-up
model however the sampling and quality of the data were not suﬃ-
cient to constrain ﬁtting a model of this type and consequently the
simple linear spin-up model was found to be the best representa-
tion of the data. The data points with the bootstrap errors and best
ﬁt linear model are shown in Fig. 16.
Using this measurement, the average X-ray luminosity can be
estimated assuming a given neutron star mass and magnetic mo-
ment, and assuming a constant accretion rate throughout our 13
years of observations. This ﬁnal assumption is not unreasonable
given the good ﬁt to the spin periods presented above. Using the
accretion models of (Ghosh & Lamb 1979) whereby the compact
object accretes from a disc, the spin-up and spin period measure-
ments give an average luminosity of (1.9 ± 0.2)×1037 ergs s−1. This
is markedly diﬀerent to the 8.2 × 1035 ergs s−1 calculated from the
XMM-Newton spectrum shown earlier and hints at two or three pos-
sible explanations: Firstly, the X-rays produced by the neutron star
are in the region of 1037 ergs s−1 predicted by the model, but this
light has been attenuated by an absorbing material around the neu-
tron star or the binary system. Secondly, our interpretation of a con-
stant accretion rate and spin up are correct, and the over-estimated
average luminosity is due to our assumption of the mass or mag-
netic moment of the neutron star. In this case the mass of the neu-
tron star would be less than the 1.4M assumed or the magnetic
moment would have to be higher than the 4.8×1029gauss cm3 as-
sumed. For completeness, we have calculated the possible extreme
values of B and M assuming the observed average luminosity as an
input into the accretion model. When calculating B, we used the
observed L, P and P˙ and assumed a radius and mass of 106cm and
1.4M respectively. When calculating M, we assumed the above
values and a magnetic moment of 4.8×1029gauss cm3. The derived
value of the magnetic ﬁeld is (3.1 ± 0.1) × 1013G, consistent with a
higher ﬁeld than assumed in our luminosity calculation. The value
of M was not constrained by this calculation, suggesting that the
low assumed magnetic ﬁeld is indeed impossible for this observed
luminosity. A third and ﬁnal possibility is that our constant spin-up
assumption could be incorrect and the neutron star has undergone
varying levels of interaction with the Be star disc resulting in a vari-
able luminosity. The latter scenario seems less likely given the evi-
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Figure 16. The ﬁtted linear spin-up model of SXP91.1 is plotted as a dashed
line over the RXTE spin-period detections. The individual RXTE period
measurements are plotted with 1σ errors derived from bootstrapping the
original dataset, see text for details.
dence we have seen from the spin-up ﬁt and the optical light curves.
Thus, it is more likely that either the neutron star in this system has
a larger magnetic ﬁeld than average, or there is a variable absorb-
ing material around the neutron star. There is strong evidence that
such a variable absorber exists as it seems the only way to produce
the variability seen in the X-rays without changing the accretion
rate and hence, the spin up of the neutron star. A potential such
absorber may be a disc that absorbs the X-ray emission at certain
times, possibly when it is enlarged.
5 CONCLUSIONS
This paper has presented the discovery of a new 175 s pulsar in the
SMC and its association with the HMXB candidate RX J0101.8–
7223. This system seems to be a very standard BeXRB system that
has shown low levels of X-ray activity fairly regularly and a rare
larger outburst that allowed the pulse period to be found. The large
outburst is likely caused by an increase in the size of the circum-
stellar disc around the counterpart that, until now, has been very
stable. Analysis of the optical light curve allowed an estimate of
the orbital period of the system of 87.2 ± 0.2 d. An archival spec-
trum has allowed the counterpart to be classiﬁed as a B 0–B 0.5 IIIe
star, similar to most other known BeXRBs.
SXP91.1 has proven to be very diﬀerent to SXP175, with very
regular outbursts, large modulation in its optical light curve and pe-
culiar spin-up and X-ray emission characteristics. We have endeav-
oured to explain these aspects by combining all available X-ray,
optical and IR data. It seems clear that the neutron star has always,
and is continuing to, interact with the circumstellar disc at every
periastron passage from the periodic variations in the OGLE light
curve, though this interaction does not always lead to observable
X-ray emission, pulsed or otherwise, reaching the observer. The
idea of constant accretion in this system, despite the lack of X-ray
emission is backed up by the relatively constant spin-up of the neu-
tron star throughout the entire RXTE monitoring campaign. Since
the lack of pulsations at such a high ﬂux is improbable for this spin
period, the most likely explanation from the data presented here is
that either a nearby absorbing material sometimes acts to prevent
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the X-ray emission reaching the observer, or a change in the geom-
etry of the emission column or magnetic ﬁeld of the neutron star
directs the emission away from us at certain times. The other pos-
sible scenario is that a near-circular orbit barely brings the neutron
star into contact with the disc, causing a weak interaction every pe-
riastron passage. This could spin the neutron star up and cause a
spike in the optical light curve without resulting in a detectable X-
ray outburst. At the times when an outburst is seen, the accretion
rate is likely to have increased, though with a very stable disc it is
unclear what could cause the system to outburst. Determining the
orbit of this system would provide a huge step to understanding its
strange behaviour, though this would have to be done through opti-
cal radial velocity work, as the X-ray outbursts are not suitable for
such an analysis.
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